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Summary

The slotted bucket developed in this study for use as.an
energy dissipator at the base of a spillway is particularly suited to
installations where the tail water is too deep for a hydraulic jump
apron, or where a bucket structure is preferable to a longer hydraulic
jump stilling basin. Charts and curves are presented in dimensinnless
form so that a bucket may be designed for most combinations of dis=
charge, height of fall, and tail water range. The resulting bucket
will provide self cleaning action to reduce abrasion erosion in the
bucket arc, protection against undermining of the bucket and apron as
a result of scour, and good vertical distribution of the flow leaving
the bucket. The water surface downstream from the bucket may, for the.
- Jower teil water elevations; be somewhat rougher than desirable,
however, making it necessary to consider the effects of possible
riverbank erosion.

A schematic disgram of a spillway and slotted bucket containin
definitions of the important dimensions is shown below:

For higher TW. the flow
dives from apron l|p ~\

——
|
h
Y

I
/ I‘K-'
i
4‘\ :
H

Tailwater range of bucket.-

N

tha flow
I

For lower T.W. the flow
sweeps out of bucket.-

“I

I[<
B T B
3 -t-->

e
pen |
- —

[=]
o

"Bed may be level or /
sloping (see text).-~




A simplified version of the seven steps required to design a
bucket is given below: ‘ ‘ ‘

1. Determine Q, q (per foot width), Vi Di; compute Froude
V1 : :
number from F ='V§5I for meximun flow and intermediate flows. In some

cases Vi may be estimated from Figure 25.

2. Enter Figure 19 with F to find bucket radius parameter

R

D. 4 V12 from which minimum alloweble bucket radius R may be computed.
1t

R

. T
3. Enter Figure 21 with V12 and F to find _%29. from which

TR

minimum tail water depth limit may be computed

4, Enter Figure 22 as in Step 3 above to find maximum tail
water depth limit, Tmax.

5. Make trial setting of bucket invert elevation so that tail
water curve elevations are between tail water depth limits determined
by Tmin and Tmax. Check setting and determine factor of safety '
against sweepout from Figure 2Lk using methods of Step 3. Keep apron
1lip above riverbed if possible.

6. Complete design of bucket using Figure 1 to obtain tooth
size, spacing, dimensions, etc.

7. The sample calculations in Table VII, page 48, may prove
helpful in analy21ng a particular problem,

The procedures outlined above summarize the main con51derations
in the design of a slotted bucket. Other considerations are discussed
in the report, however, and the entire report should be read before
attempting to use the material given above.
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Foreword

This report, Progress Heport III, is the third in a series of
progress reports-on research subjects included under the general title of
this report.  Progress Report II, published as Hydraulic Laboratory Report
Hyd-399 which superseded Progress Report I, Hyd-380, contairs 6 sections
covering the following subjects:

Section l--Genereal Investigation of the Hydraulic Jump
on a Horizontal Apron (Basin I)

Section 2--Stilling Basin for High Dam and Earth Dam
Spillways and Large Canal Structures
(Basin TI) -

Section 3-«Short Stilling Basin for Canal Structures,
Small Outlet Works and Small Spillwaye
(Basin III)

Section L-«Stilling Basin and Wave Suppressors for
Canal Structures, Outlet Works and
Diversion Dams (Basin IV)

‘Section 5--Stilling Basin with Sloping Apron (Basin V)

Section 6--Stilling Basin for Pipe or Open Channel
Outletse=No Tail Water Required (Basin VI)

Section T is contained in this report and covers Items 11 and 12 given
in the "Scope" of the research program as originally planned and given
in Progress Report II. Other numbered items will be completed and
reported in future progress reports as time and funds permit. ‘

The bucket tests described in this report are of recent origin,
however, bucket tests in general have been made since about 1933, Some
of the early tests were valuable in this study in that they. helped to
point the way for the later tests and eliminated certain bucket schemes
from further consideration. These early tests were conducted by J. H.
Douma, C, W, Thomes, J. W. Ball, and J. N. Bradley. Later tests were
made by R. C, Besel, E. J. Rusho, and J. N. Bradley under the leboratory
direction of J. E. Warnock.. The final tests to develop the slotted
bucket and generalize the design were made by G. L. Beichley under the
supervision of A, J, Peterka and J. N. Bradley and laboratory direction
of H. M. Martin. Most of the material contained in this report was
submitted as a thesis for the degree of Master of Science, University of
Colorado, by G. L. Beichley. All tests and analyses were conducted in
the Bureau of Reclamation Hydraulic Laboratory, Denver, Colorado. This
report was written by A. J. Peterka.
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SECTION 7

SLOTTED AND SOLID BUCKETS FOR HIGH, MEDIUM,
AND LOW DAM SPILIWAYS (BASIN VII)

INTRODUCTION

General

The development of submerged buckets has been in progress for
many years and many types have been proposed, tested, and rejected for.
one reason or another. The bucket used at the start of these tests, the
Grand Coulee bucket, therefore, was the result of many trials and
experiences, both in models and in the field. The bucket was further
developed for use at Angostura Dam by adding slots in.the bucket and a
short sloping apron doﬁnstream. After extensive laboratory tests showed
that the Angostura bucket could not be improved in a practical way, tests
were conducted to generalize the design so that proper bucket dimensions
and limiting conditions could be determined for any installation. ' Some
of the limits established during the tests had no sharp lire of demarca-
tion between acceptable and undesirable performance, consequently, the
results of the tests reflect the Judgment of the testing engineers,
Every attempt was made to set.the limits from & practicsl viewpoint.so
that the resulting structure would be economical to conmstruct but would
still provide safe operation for the extreme limits and satisfactory or
better performance throughout the usual operating range. Strict
adherence to the charts and rules presented will therefore result in the
smallest possible structure consistent with good performance and a
moderate factor of safety. It is suggested, however, that confirming
hydraulic model tests be performed whenever: (a) sustained operation
near the limiting conditions is expected, (b) discharges per foot of
width exceed 500-600 second-feet, (c) velocities entering the bucket are




appreciebly over 100 feet per second, (d) eddy effects at the ends of
the spillway result in poor flow conditions, and (e) waves in the
downstream channel would be a problem. :

Performance

There are two general types of roller or submerged buckets:
spilllways; the solid type developed for Grand Coulee Dam, Figure 1A,
the slotted type developed for Angostura Dam, Figure 1B, Both types
shown operating in Figure 2 and are designed to operate submerged at
times with the maximum tall water elevation below the crest of the
spillway. Both types also require more tail water depth (D2) than a
hydraulic Jjump basin.

.

H .

The hydraulic action and the resulting performance of the two
buckets are quite different. In the solid bucket the high velocity flow‘
directed upward by the bucket lip, creates a high boil on the water ' iy
surface and a vioclent ground roller that deposits loose material from
downstream at the bucket lip. The constant motion of the loose material
against the concrete 1lip and the fact that unsymmetrical gate operaticn
can cause eddies to sweep material into the bucket msy make this bucket
undesirable in some installations. ' In the operation of the slotted
bucket both the high boil and viclent ground roller are reduced, result-
ing in greatly improved performance. Since only part of the flow is
directed upward the boil is less pronounced. The part of the flow
directed downstream thrcugh the slots spreads laterally and is lifted
away from the channel bottom by the apron extending. downstream from the
slots. Thus, the flow is dispersed and distributed over a greater area
providing less violent flow concentrations then occur with a solid bucket.

The tail water range over which the buckets will operate -
satisfactorily is less, however, with the slotted bucket than with the
s0lid bucket. Sweepout occurs at a higher tail water elevation with the
slotted bucket, and if the tail water is too high, the flow dives from
the apron lip to scour the channel bed as shown in Figure 3. With the
solid bucket, diving is impossible except perhaps in rare cases. 1In
general, however, the slotted bucket is an improvement over the solid
type and will operate over a wide range of tail water depths,

SLOTTED BUCKET DEVELOPMENT TESTS

’

General

The basic dimensicns for the slotted bucket were determined
from tests made to adapt the solid bucket for use at Angostura Dam.
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FIGURE 2
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A. SOLID TYPE BUCKET

B. ANGOSTURA TYPE SLOTTED BUCKET

Bucket radius = 12", Discharge (g) = 3 c.f.s.,
Toilwater depth = 2.3'
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FIGURE 3
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This study is reported in Bureau of Reclamation Hydraulic Report
No. Hyd-192 and is summarized in the following paragraphs. ‘

Development from Solid Bucket

The first stage in the development was to determine the radius
of bucket required to handle the maximum design flow and to determine
the required elevation of the bucket invert for the existing tail water
conditions, Solid type buckets shown in Figure 4 were used in the model
to determine these approximate values since the slotted bucket had not
yet been anticipated. The 100- and 63-foot radius buckets were found
to be unnecessarily large for a discharge of 1,010 second-feet per foot
of width and & velocity of about 75 feet per second. The 42-foot radius
bucket was found to be the smallest bucket which would provide
satisfactory performance.

The tail water depth wae not sufficient for good performanhe
vhen the bucket invert was 45 feet below tail water elevation, Per-
formance was better with the invert 69 feet below tail water elevation,.
but for all invert elevations tested a ground roller occurred which
moved bed material from downstream and deposited it against the bucket
1lip. L

The second stage in the development was to modify the bucket
to prevent the piling of bed material along the lip. Tubes were placed
in the bucket lip through which jets of water flowed to sweep away the
loose material, Results were satisfactory at low discharges, but for
the higher flows the loose material was plled deeplv over the tube exits,
virtually closing them. i

Slots in the bucket lip were then used 1nstead of larger tubes,
“The slots were found to not only keep the bucket lip free cf loose mate=
rial, but also provided exits for materlal that became trapped in the
bucket during unsymmetrical operation of the spillway.

In order that the effectiveness of the bucket - in d1551pat1ng
the energy of spillway flows be meintained, the slots were made no larger
than necessary to prevent deposition at the bucket lip., The first slots
tested were 1 foot 9 inches wide, spaced three times that distance apart.
The slot bottoms were sloped upward on an 8° angle so that the emerging
flow would not scour the channel bottom, and were made tangent to the
bucket radius to prevent discontinuities in the surface over which the
flow passed. The spaces between the slots then became known as teeth
and were 5 feet 3 inches wide., Three tooth designs, shown in Figure 5,
were tested.
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FIGURE 4
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~FIGURE b
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DESIGN II - RECOMMENDED
TOOTH SHAPES TESTED FOR SLOTTED BUCKET




Tooth Shape, Spacing, and Pressures

Tests using Tooth Design I were encouraging. The energy
dissipating action of the bucket and the elimination of piled material
along the bucket lip were both satisfactory. However, small eddies,
formed by the jets leaving the slots, lifted loose gravel to produce
ebrasive action on the downstream face®of the teeth. Therefore, a
sloping apron was installed downstream from the teeth to help spread
the jets from the slots and also to keep loose material away from the
teeth. ' The apron was sloped upward slightly steeper than the slope of
the slots, to provide better contact with the Jjets. The apron was found
to perform as intended; however, the best degree of slope for the apron
and the shortest possible apron length were not determined until after
the tooth design and the tooth spacing were determined.

Pressures observed on Tooth Design I at.the piezometer loca-‘ 
tions shown in Figure 5 were, in general, satisfactory. Undesirable
subatmospheric pressures were found on the downstream face, however.

The profile of Tooth Design II, Figure 5, conformed to the
radius of the bucket, eliminating the discontinuity in the flow passing
over the teeth. Energy was dissipeted more readily and a smoother
water surface occurred downstream from the bucket. Pressures were sub-
atmospheric at seven locations, the majority of which were located on
the downstream face. . The recessary rcunding of the edges of the teeth
was determined by testing model radii ranging from 0.1l to 0.3 inch.
The larger radius (12.6 inches prototype) was found to be the most
desirable. ‘ ‘

Tooth Design III, Figure 5, was shaped to improve pressure
conditions on the sides and downstream face of the teeth and-the radius
for rounding and edges was increased to 15 inches prototype. Subatmos-
pheric pressures still occurred on the downstream face at Piezometers 3,
L, and 5, but the subatmospheric pressures were above the critical
cavitation range. : ‘ :

Preliminary tests had shown that pressures on the teeth varied
according to the tooth spacing. The most favorable pressures consistent
with good bucket performance occurred with Tooth Design III, tooth width
0.125R and spuacing 0.05R at the ‘downstream end. Table I shows the
pressures in feet of water at the piezometers.




Table I

Pressures on Tooth Design III
N 0.05R Spacing _
Plezometer: Pressure :Piezometer: Pressure
No. £ of water: No. : £t of water

+1 to +16 9 +58

10 +42

+68

+5 ﬁo +i3

=2 %o +15 1l

-13 to +16: 12 +u9‘

=9-to +11: 13- +11

+8 to +16; 14 +13

8¢ S0 88 . ST as #F 94 eV GF _OF 5. 90 oo

+22 15 421

Q@ o\ = - w LAV EER o

+62 16 +34

6 40 60 @F 49 B0 8P 00 T 09 ¢ we S Ue. S5 ev 80 oo [ee

17 +39

Piezometers 1 through 6 showed. fluctuations between the limits
shown. Piezometers 3, 4, and 5 showed negative or subatmospherlc va1ues,
but since these piezometers are on the downstream face of the teeth it
is unlikely that damage would occur as & result of cavitation. According
to the pressure data the teeth are safe against cavitation for velocities
up to about 100 feet per second, l.e., velocity computed from the
difference between headwater and tail water elevations N and may be safe
for even considerably higher velocities,

Reducing the tooth spacing to 0.035R raised the pressures on
Piezometers 3, h, and 5 to positive values, Pressures on the tooth are
shown in Table II, '
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Table II

Pressures on Tooth Design III
_ ‘ __0.035R Spacing L
Piezometer: Pressure :Piezometer: Pressure
No. :ft of water: No. :ft of water

1 +62

+36 9.

2 +27 10 +57

+T1
+63

e

+30 11

8 48 s6 e 5P s 40 o

+26 12

°8 o9 er- 00 se

+14 13 +21

+27 1y +28

s 8¢ oo ee se

+40

439 : 15
+6h 16

+47

T 88 96 . 0% 90 B% 0% 2 50 ¢d P 90 6 s ge 00 e

.
.

i : 17 +58

With 0.035R spacing the teeth should be safe against cavitation
for velocities well over 100 feet per second. However, for small buckets
the openings between teeth may be too small for easy construction and the
slots may also tend to clog with debris. 1In other respects the bucket
performance with 0.035R tooth spacing is satisfactory.

Apron Downstream from Teeth‘

The slope and length of the apron downstream from theiﬁééth were

‘the remaining bucket dimensions to be determined. Since the apron served

to spread the Jets from the slots and-also: improved the stability of the
flow leaving the bucket, it was important that the apron characteristics -
be investigated. ‘ ‘ '

A 16° upward sloping apron was found to be most satisfactory.
With & 12° slope the flow was unstable, intermittently diving from the
end of the apron to scour the riverbed. Using a 20° slope the spreading
action of the flow was counteracted to some degree by the directional
effect of the steep apron.

Two apron lengths, one 10 feet and one 20 feet, were tested to
determine the minimum length required for satisfactory operation. The




v .

longer apron, 0,.5R in length, was found necessary to accomplish the
spreading of the jets and produce & uniform flow leaving the epron, The
20-foot apron on a 16° slope was therefore adopted for use. :

Slotted Bucket Performance

The slotted bucket, shown in Figure 1, operated well over the
entire range of discharge and tail water conditions in the sectional
model, scale l:42, The bucket was then rebuilt to & scale of 1:72 and
tested on a wide spillway where end effects on the bucket could also be
observed and evaluated, ' '

In the 1l:72 model minor changes were made before the bucket was
constructed and installed. The bucket radius was changed from L2 feet
to an even 40 feet, and the bucket invert was lowered from 69 to 75 feet
below maximum tail water elevation. Figure 6 shows the 1:72 model in
operation with 2,7,000 second-feet (1,010 second-feet per foot), erosion
after 20 minutes of operation, &nd erosion efter 1-1/2 hours of operation.

Performance was excellent in all respects; was better than for
any of the solid buckets or other slotted buckets investigated. For all
discharges the water surface was smoother and the erosion of the
riverbed was less. ‘

Summary of Slotted Bucket Development Tests

Reviewing the development of the slotted bucket three factors
were involved: (1) the radius of the bucket and elevation of the invert
with respect to tail water for the given flow conditions; (2) the shaping
and spacing of the teeth; and (3) the pitch and length of apron downstrear
from the teeth. All three factors are important in obteining the desired
energy dissipation, a smooth water surface, and a minimum amount of
river channel erosion. Dimensions of the bucket teeth, slots, and apron
are expressed in terms of the bucket radius in Figure 1.

GENERALIZATION OF THE SLOTITED BUCKET

General

The tests made on the Angostura bucket indicated that & satis-
factory design could be developed for use at a particular site. It was
also evident, however, that generalization of the design would be desirabl
so that bucket dimensions, proper elevation of bucket with respect to
tail water elevation, and the capac:ity of the bucket could be determined
for any installation.

12
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Figure 6
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The general features of the bucket, shown in Figure 1, were
believed to be satisfactory but before starting the generalization tests
possible further improvements in the bucket teeth were investigated.
When it was found that the tooth size developed for the Angostura bucket
provided best hydraulic performance, tests were then directed toward .
generalization of the design. '

-

Test Equipment

An entirely new sectional model was constructed and tested in
Flume B, Figure 1 of Progress Report II, and also shown in Figure .7 of
this report. The flume was 43 feet 6 inches long and 24 inches wide. The
head bay is 1t feet deep while the tail bay is 6 feet 3 inches deep and
has a 4- by 13-foot glass window on one side. The discharge end of the
flume was equipped with a motor driven tailgate, geared to slowly raise or
lower the tail water so that continuous observations could be made.

The sectional spillway model was constructed to completely f£ill
the flume width, 24 inches, with an.ogee crest at the top of & 0.7 slop-
ing spillway face. The bucket assembly was made easily detachable from
the spillway face. Four interchangeable buckets having radii of 6, 9,
12, and 18 inches, constructed according to the dimension ratios shown
in Figure 1, were designed so that they could be installed with the

buckets inverts located 5 feet below the spillway crest and about 6 inches.

above the floor of the flume. All flow surfaces were constructed of
galvanized sheet metal with smooth joints. The downstream channel was
e movable bed molded in pea gravel. The gravel analysis:

Retained on 3/4-inch screen 6 percent
Retained on 3/8-inch screen 66 percent
Retained on No. U4 screen 25 percent
Retained on Pan " 3 percent

Flow was supplied to the test flume through a 12-inch centri=-
fugal pump and was measured by one of a bank of Venturi meters permanently
installed in the leboratory. Additional water, beyond the .capacity of
the 12-inch pump, was supplied by two vertical-type portable pumps -
equipped with two portable 8-inch orifice-Venturi meters. All Venturi
meters were calibrated in the laboratory. Water surface elevations were
measured with hook gages mounted in transparent plastic wells.

Bucket Modifications Tested

General. To determine whether practical modifications could be
made to improve the performence of the Angostura slotted bucket the
12-inch radius bucket, constructed according to the recommended
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. dimensions in Figure 1, was first tested. The purpose in repeating the
B test was to obtain data for generalization and to establish a performance
standard with which to compare the modified buckets, all to be made on
the 12-inch radius bucket. ‘

;To provide a standard bucket test, which was necessary to
reduce the amount of testing required on- each bucket modification, the
1l2-inch Angostura bucket was thoroughly investigated. The bucket
capacity was estimated to be about 6 second-feet. Best performance for
this flow occurred with the tail water 2.3 feet above the bucket invert,
Figure 2B. These conditions were used for the standard bucket test.
Also, as part of the standard test the movable bed was molded level,
Just below the bucket lip, at the start of a test.,

In retesting the Angostura bucket it was noted that much of

- the energy dissipation occurred as & result of the spreading action
downstream rather than in the rolling action in the bucket. Flow passed
through and over the teeth to emerge at the water surface some 3 or k4
feet downstream from the bucket, Figure 2B, producing a boil at this
point and waves on the water surface downstream. In some installations
action of this type might be obJectionable since bank ercsion could occur
or powerhouse operation could be affected.

It was concluded from these tests that if improvements could be

made in the bucket performance, reduction in wave action in the downstream
o channel should be given first consideration since energy dissipation and
N bed erosion were entirely satisfactory. Four modifications of the bucket
'\\\ teeth were tested; the bucket with teeth removed was also investigated.

Also, a so0lid bucket was tested to indicate the relative advantages of

the two types. Only a brief description of these tests is given since

none of the modifications are recommended for general use., However, to

indicate the scope of the testing a summary of these tests is given.

e Tooth Modification I. In the first modification the teeth were
. extended in height from L5° to 60° as shown in Figure 8. The sepacing
of the teeth and the shape and length of the apron were not modified
since these had been carefully determined in the early development tests.

In operation with the standard test the bucket performed much
the same as the original., The boil occurred about 6 inches farther
upstream and was higher tkan for the Angostura bucket. Waves were also
as high or higher, and since the sweepcut point was about the same no
further testing was done.

Tooth Modification II. In both the Angostura and modified
buckets tested it was noted that the water surface directly over the
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FIGURE 8 .

ANGOSTURA TYPE BUGKET.
~ WITHOUT  TEETH

Dimensions applicable to all designs—
Bucket invert 10 downstream edge
of structure = 15.21",
Approach chute slope = 7:10.
Bucket radius = 12"
Where shown,
tooth width = 1.5" and
space between teeth = 0.72".

SOLID BUCKET

SLOTTED BUCKET MODIFICATIONS TESTED
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bucket was lower than the tail water downstream, It was believed desirable
to move the boil upstream directly over the bucket, consequently, the

teeth were extended in height to an angle of 90°, as shown in Figure 8.

It was realized that the teeth would be too tall to be structurally stable
in any but a small bucket but the trend in performance was the real
purpose in making the test.

Performance of this modified bucket was excellent for the
standard test, A large portion of the flow was turned directly upward to
the water surface where it rolled back into the bucket. The tail water
depth directly over the bucket invert was about the same as the depth
downstream. A slight boil could be detected over the teeth, but it was
not nearly as great as for the two previous slotted buckets tested. The
flow passing between the teeth also provided fairly uniform distribution
of velocity from the channel bed to the water surface in the. channel
downstream. The water surface was quite smooth and the channel bed was’
not disturbed.

The bucket also performed well for high and low tail water
elevations. The tail water could be reised to a higher elevation than
for the two previous buckets before the flow pattern changed to scour
the channel bed; and it could be lowered to a lower elevation before the
flow was swept from bucket. Thus, the range of tail water depths for
which the bucket operated satisfactorily was increased,

The performance of this bucket was very good in every respect;
however, cavitation could occur more readily on the surfaces of the tall
teeth. favitation pressures or the p0581bility of eliminating such
pressures were not investigated because the teeth were considered too .
high for practical use on large structures. Therefore, this slotted
bucket modification is suggested for possible use with small buckets
where cavitation pressures cannot occur, i.e., VelOCltleS Dear the teeth
below 50 feet per second.

Tooth Modification III. In the third modification a tooth
radius halT that of the bucket radius was used, as shown in Figure 8, to
curve the teeth to a height of G0°. This modification was made to
determine whether the height of the teeth, or the 90° curvature of the
teeth, provided the lmproved performance.- :

Tests showed that the shorter teeth were not effective in lifting
flow to the surface, Flow passed over and through the teeth to form a
high boil downstream similar to the first modification. In addition,
observation of the flow passing over the tops of the teeth indicated that
cavitation pressures were & likely possibility. Pressures were not
investigated sinee performance was rot as good as for the Angostura
slotted bucket.
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Tooth Modification IV. Modification IV utilized the same tooth
as Modification III, but the teeth were placed on the apron at the down-
stream end of the bucket, &s showr: in Figure 8. It was anticipated that
the teeth, placed farther downstream and at a slightly higher elevation,
would turn a portion of the flow directly upward to the water surface as
for Modification II. Performance tests showed that the teeth turned
more of the flow upward but the performance was no better. than for the
Angostura design. : :

Angostura bucket with teeth removed. ‘The Angostura bucket
without teeth is shown in Figure G." This design was not expected. to
perform as well as the slotted Angostura bucket, but was tested to
indicate the value of the teeth and slots in-dissipating the energy of
the spillway flow. Operation was quite satisfactory for flows of 3 and
4 second-feet but performance was pooxr for 6 second-feet. For the
higher flows of 5 to 6 second-feet the flow leaving the bucket was
unstable and the water surface was rough. For a few seconds the boil
would be quite high then suddenly would become quite low. Erosion of
the riverbed was negliglble for all flows, however.

The tests without teeth in thp bucket indicated that the primary
function of the teeth is to stabilize the flow and reduce water surface
fluctuations in the channel downstream., . The tests also suggested the
fact that should the teeth in the Angostura bucket deteriorate over a
period of time in a prototype structure, the ill effects of the deterio-
ration could be easily observed and eialuated. Discharges up to atout
half maximum would be satisfactory with the teeth gone,

Solid bucket. The solid bucket design, shown in Figure 8, was
tested to compare the action with that of a slotted bucket. TFigure 2
shows the bucket performing under similar discharges and teil water
elevations., For the solid bucket, all of the flow is directed to the
wvater surface s short distance downstream from the bucket, resulting in
a very high boil, Part of the flow rolls back into the bucket while part
continues on downstream. Since there are no slots to provide flow
currents in a downstream direction under the *o0il, a violent undercurrent
flowing upstream, or ground roller, exists at all times. It is the
ground roller that moves gravel upstream and depesits it at the bucket
lip. Currents passing over the lip then pick up the material:and move .
it downstream, resulting in & continuel circulation of bed material, The
action itself is harmless except that the lip is exposed to abrasive
action and with unsymmetrical operation of the spillway gates the
materisl is often swept into the bucket, Once the material is in the
bucket, it is trapped and ceuses erosion of the concrete surfaces as it
is moved about both laterally and longitudinelly inside the bucket arc,
Therefore, a solid bucket, without slots, has certain disadvantages where
loose material may be carried into the uuuket or where the high boil
might be objectionable.
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Some advantages, however, were found for use of a solid bucket.
A lower tail water elevation is required to sweep the flow out of the ‘
bucket and the flow could not be made to dive from the bucket 1lip to _
scour the channel bed. However, in general, the slotted bucket performed
better than the solld bucket. :

Summarx

The Angostura bucket performed better than any of the modified
forms of the bucket except Tooth Modification II. However, the high
teeth in Modification II were considered to be dimpractical for most
prototype construction and the possibility of cavitation at high
velocities is great. For small structures the relatively high teeth
might be practical in which case the use of Tooth Modlflcatlon I1 should
be cons1dered.

The Angostura slotted bucket with or without modifications, in
general, is considered to be superior in performance to the solid bucket.
The Angostura slotted bucket also provides more stable flow and better
energy dissipation than did the Angostura bucket with teeth removed; how-
ever, with the teeth removed fairly good energy dissipation occurred :
without disturbing the channel bed. The Angostura slotted bucket without
modification is, therefore, recommended for use on spillway structures
where tail water depths are within the limits required for use of a
bucket type energy d1551pator. ‘

Determination of Radius and Tall Water Limits

General

The investigation to determine the minimum bucket size and tail
water limits for a range of structure sizes, discharges, and overfall
height was accomplished with the testing of 6-, 9-, 12-, and 18-inch
radius buckets, tested in that order.

For each bucket'installation, a-range of-discharges was passed
over the spillway. The head on the spillway was measured and recorded.
The relation between head and discharge on the spillway is shown in
Figure 9. For each discharge, the tail water depth was lowered slowly
until the flow swept out of the bucket, as shown in Figure 10. Since
the bucket study did not include flip-type buckets, the depth at sweepout
was considered too low for proper performance of the bucket. The tail
water sweepout depth, measured above the bucket invert, was recorded in
Tables III to VI and plotted in Figure 1l1l. Figure 10 also shows the bucket
operating with tail water depth just safely above the depth required for
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FIGURE 9
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FIGURE 0.

B. Tailwater below average but above minimum.
Within normal operating range.

C. Tailwater above maximum. Flow diving from
apron ‘scours channel - :

D. Tailwater same as in C. Diving jet is lifted by ground
roller. Scour hole backfills similar to B. Cycle repeats.

(Bed level 03-inch bevlow apron lip at start of test)

6-INCH BUCKET - DISCHARGE (q)=175 CFS. -
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Table III

DATA AND CALCULATED VALUES FOR 6-INCH RADIUS BUCKET

Bed was approximately O0.05R below
: 3 H N H

apron 11p at beginning of each
2 : 6 7 : B :

2

Sweepout Conditions

1

. © 0198+ 0.274 i L 0413 5 O.M80 . O.MBL . 0.526 1 0.581 :

: T (sweepout depth) i O.767 + 0.765 + P 0.943 :‘,1.023 1.8 1.139 P 1.203

i q o 0.31 ) 0.56 | ;o 1.03 ; 1.30 ;: 1.30 ; 1.5oﬂq;aa1,]5 ;

; Tmén E 0.967 E 0.965 ; ; 1.143 g 1.223‘3: 1.281 ; 1.339 ; 1.uo3‘:

: !%E =X +H-Tatn ; n.231: L.309 . 4270 b.257: b.200 1 5187+ L.178 :

i vy ; 16.50 : 16.65 ©16.58 1 16,56 ¢ 16.45 P62 160
1 o.019: 0.032 \ 0.062: 0.078: 0.079': 0.091: 0.107 :
anz 1631 1172 + 1042 1031 : 9.50 i 8.85
; 5143 : 29,78 D18.00 & 15.57 :16:21 : 16.66 : 13.16

L.245 @ L.3WL £ L.332: 4,335 : L.279 i L.278 i 4.285 :
0.12 : 0.12 : £ 002 : 012 : 0.2 : 0.12 : 0.12

Diying:Flow Conéitibns
2.576 : 2.435 i 2.46h + 2.439 : 2.397 :
2.076 ¢ 1935+ 1.964 + 1.939 . 1.897:
2.198 + 2.h17 1 20449 1 2.541 : 2.584 :
; 11.89 f 12.47 ; 12.55 ¥ 12.78 ; 12.90 ;
: o.oh5~: 0.055 i 0.089 ; 04102 i‘ 0.101 ;

'

9.84 i 8.62 : 7.0 i T.06 i 7.20
S U5.72 i 29.76 ¢ 21.62 & 19.06 : 18.82
©2.2u37 2.486 1 2.538 : 2.643 : 2.685 :

: V12 : iU 0se2 0,200 10020 1T 0.190 ¢ 0.19
: DL+ : . : : T

bucket radius (ft) ’

height of reservoir above the crest (ft)

depth of tail water above the bucket invert (ft)

minimum tail vater depth for good performance (ft) = sweepout depth + 0.2 ft
maximum tail water depth for good performance (ft) = diving depth - 0.5 ft
discharge per foot of model crest length (cfs)

height of crest above bucket invert = 5 feet

velocity of flow entering the bucket computed at tail water elevation (£t/sec)
depth of flow entering the bucket computed at tail water elevation (ft)

Froude number of flow entering bucket computed at tail water elevation

oUW BB RN NN

Maximum capacity of bucket estimated to be 1.5 to 1.75 second-feet per foot of width.
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(R) INCHES | 0.05r BELOW | UP FROM I o 6 Bed approx. 0.05R below apron lip. Toilwoferv_‘svyeepouf depth and Min. tailwater depth af which diving occured
APRON LIP | APRON LIP I o 9 Bed approx. 0.05R below apron tip. | Tailwater sweepout depth and Min. tailwater depth at which diving occured
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" '
TAILWATER LIMITS AND BUCKET CAPACITIES
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sweepout. The tail water depth just safely above the depth required for
the sweepout will, henceforth in this report, be called the lower or
minimum tail water limit.

For each discharge tne upper tail water limit was also investi-
gated, The tail water was raised slowly until the flow dived from the
apron lip, as shown in Figures 3 and 10c. When diving occurred a deep
hole was scoured in the channel bed near the bucket.  The tail water
depth for diving, considered to be too high for proper performance of the
bucket, was also recorded in Table III and plotted in Figure 1l. The
tail water depth that is just safely below the depth required for div1ng
will, henceforth be called the upper or maxlmum tail water limlt.

Six~-inch Radius Bucket

Lower tail water limit. At the sweepout depth, the flow left
the bucket in the form of & jet, Figure 10, 'The moveble bed was quiet
and undisturbed from the bucket downstream to the point where the jet
landed. The jet scoured the channel bed only at the point of contact,
and did not cause excessive water surface roughness downstream. A more
undesirable flow pattern occurs just before sweepout, however, when. an
unstable condition developed in the bucket and in:the channel causing
excessive erosion and water surface roughness. ‘It 1s this transition
region which makes it undesirable to design a bucket for both submerged
and flip action. ,

At the lower tall water limit, i.e., Just above sweepout, the
gravel in the movable bed began to move. The gravel waes not carried away
from the bucket, but instead was lifted and dropped by numerous small
eddies that formed in the water between the main flow leaving the bucket
and the movable bed. The action was not cons;dered desirable nor
particularly objectionable.

The lower tail water limit appeared to be from 0.05 to 0.15 of
a foot above the sweepout depth. Only the sweepout depth was recorded in
the data shown in Table III since it was a more definite point than the
minimum low tail water limit. A safe lower linit was established at the
conclusion of all model testing by addlng 0. 2 of a foot to the sweepout
tail water depth.

Upper tail water limit., At the tail water depth required for
diving to occur, it was noted that after 3 or 4 minutes in the model the
diving flow suddenly ceased and the flow rose to the surface as shown in
Figure 10, The changeover occurred only after the movable bed became
sufficiently scoured to allow the ground roller to form and 1ift the flow
from the apron lip to the water surface., The ground roller then ~oved




the pea gravel deposit upstream into the scoured hole until the riverbed
became nearly level with the apron lip., At the same time, the 5trength
of the undercurrent was reduced until it was no longer capable of lifting
the flow to the water surface and the flow dived again to start another
cycle which was repeated over and over. Very little bed material was
moved downstream out of reach of the ground roller even after several
cycles. Five or six minutes were required for one cycle.

When the flow was diving, the water surface was very smooth;
but, when the flow was directed toward the surface & boil formed and a
rough downstream water surface was in evidence. In the former case, part.
of the energy was dissipated on the channel bed, while in the latter case,
energy was dissipated on the surface.

Near the upper tail water limit, diving occurred in spurts not
sufficiently long to move bed material. As the depth approached that
required for sustained periods of diving, the momentary spurts occurred
more often. In the test data recorded in Table IIT and plotted in
Figure 1l, the upper limit was not recorded; instead, the tail water
depth that caused sustained diving vas recorded because it was a more
definite point, At the conclusion ' of &ll model testing, the upper tail
water limit was established by subtracting 0.5 foot from the tail water
depth at which sustained diving occurred. This margin of safety was
sufficient to prevent momentary diving in all cases.

The first tests showed that it was difficult to get consistent
results for the taill water depth at which diving occurred. ' It was deter-
mined that the upper tail water limit was dependent also upon the shape
characteristics of the channel bed, especially its elevation downstream
frem the bucket. Since with a movable bed it was difficult to maintain
the same channel bed characteristics between one test run and another,
the gravel was removed from the model completely in anticipation that
the upper tail water limit could be determlned by merely observing the
flow pattern.

The gravel was removed completely so that the floor of the
model, which was 6 inches below the bucket invert, was the channel bed.
With this arrangement there was no upper limit since the flow could not
be made to dive from the end of the bucket for any tail water
elevation, Figure 12.

It was then decided to try a solid wood floor at the elevation
of the apron lip to represent the channel bed. ¥or this arrangement flow
from the bucket followed along the solid bed then rose to the surface
downstream, as shown in Figure 12, For the higher tail/water elevations
the flow followed along the solid floor for a greater distance before
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FIGURE 12

Tailwater elevation is less than 7inches
above the sweepout depth.-

A. FIXED BED 6 INCHES BELOW BUCKET INV.ER‘T.
,‘DESIRABLE‘TAILWATER DEPTH

Tailwater elevation is morethen 7 inches
:above the sweepout depth.

Fixed bed‘){‘

B. FIXED BED 6 INCHES BELOW BUCKET{INVERT‘.
LESS DESIRABLE: TAILWATER DEPTH

Tailwater.elevation is above swcepout depth,

\\\ /j//?/‘/ | /A}/////:’_;“T

—_—— . ——]

4 and
/7'/-7' ——

N\ L.,,
T T —_— .
NSt e L UL U

Note .

C. FIXED BED AT APRON LIP LEVEL

Bucket radius is s inches.
Discharge is 1.75 second feet per unit foot of width.

FLOW CURRENTS FOR VARIOUS
ARRANGEMENTS OF FIXED BEDS
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turning upward. Since no other changes in flow pattern wére apparent
at high tail water elevations, ag&in no upper. limit could be found.

Testing was continued uslng the pea gravel movable bed, molded
level just below the apron lip. It was necessary to reshape the gravel

bed before each test to obtain consistent upper limit results;. even then

it was difficult. Testing showed that it was important that the channel
bed be 8lightly below the apron lip elevation. If the moveble ‘bed wes at
lip elevation, the diving flow pattern occurred at: ‘s -much lower tail
wvater elevation, Therefore, the bed was maintained &t approximately
0.05R, or 0.3 of an inch, below the apron lip of the bucket at the
beginning of each test,

Maximum capacity. As the discharge was increased and the
capacity of the bucket was approached, the difference between the upper
and lower tail water limits became smeller. The maximum capacity of the
bucket was Judged by the general performance and by the range of useful
tail water elevations between the upper and lower tail water limits,
Figure 11. The maximum capacity of the 6~inch bucket was judged to be
3 to 3.5 second-feet or 1.5 to 1.75 s¢cond-feet per foot of bucket width.
The performance of the bucket for 3.5 second-feet of flow with a normal
tail water elevation is shown in Figure 10. The water surface: is
somewhat rough at this discharge.

Date were not obtained for other movable bed arrangements with
the 6-inch bucket. In testing the larger radius buckets, however, it was
decided to include a sloplng bed arrangement in the inveﬂtlgatlon.
Nine-inch Radius Bucket f

it

The 9-inch bucket was tested in the same manner as the 6-inch
bucket. The bucket in operation, Jjust before diving and after diving
occurred, is shown in Figure 13, Judged by the difference between the
upper and lower tail water limits and by the general performance, the
maximum capacity of the 9-inch bucket was deiermined to be between 4
and 5 second-feet, or 2 to 2.5 second-feet per foot of width. Dlschargep
of 3, 4, 5, and 6 second-feet with a normal tail water depth of 1.85
feet are shown in Figure 1lL. For € second-feet the tail water range
for satisfactory performance was quite narrow since a depth of .1, 65 feet
vas too low and 2, 3 feet was too high.

Water surface roughness for the maximum discharge of the 9-inch‘

bucket was greater than for the maximum discharge of the 6-inch bucket.
To aid in defining the surface conditions, measurements were made for a
range of flows with the tail water about halfway between the upper and
lower limits, Figure 15.
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Figure 13

A, Fiow is wbout to dive from apron lip--maximum tailwater

L i
depth lingt has been reached.

B. Flow is diving fror the apron lip--maximum tailwater depth
limit has been exceeded,

Nine-lnch Bucket--Discharge (¢j = 1.5 c¢. f. s,
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FIGURE |4

A
AN

.

( Bed level O5-inch below apron lip at start of test.)

2-INCH BUCKET — TAILWATER DEPTH = 1.85 FEET
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FIGURE 15

9-INCH BUCKET

m

ft. | A B

1.85 25 19
2.40, 32 126
1.85 26 19
.85 27 19
.85 28 19
1.85 .28 18
1.85 29 17
1.85 30 16

. " . A P . . - D e

||| |= |

{2-INCH BUCKET

q-efs | Tt [ A | B | ¢ |

2.5 .65 32 23 52 35
3.0 1.65 33 22 62 37
3.5 1.65 33 21 68 37
4.0 1.65 35 19 70 37
6.0 - 36 7 99 40

NOTE: Dimensions A,B,C, D,and E are in inches

AVERAGE WATER SURFACE MEASUREMENTS
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, The tail water eweepout depth and the depth at which diving
‘occurred are recorded in Table IV and plotted in Figure 1l for a range
of flows tested with bed elevation approximately O OSR, or 0,5 inch,
below the apron lip. For a given discharge the tail water sweepout
depth was not as low as for the 6-inch bucket but the diving depth was
higher.

The upper tail water limit was again difficult to determine
since diving occurred over a range of tail water., However, a reasonsbly
safe upper limit appeared to be approximately 0.5 of a foot below the
average depth for diving to occur., The minimum safe limit appeared to
be from 0.05 to 0.1l5 of a foot above the sweepout depth.

Upper and lower tail water limits were also determined with
the channel bed sloping 16° upward from the apron lip to approximately
6 inches above the 1lip, since this type of installation will occur
frequently in meny installations. Tests on this arrangement showed that
sweepout occurred at the same depth but diving occurred with a much
lower tail water depth., Diving occurred at about the same tail water
depth as for the 6-inch bucket with the level bed just below the 1lip..
The maximum capecity of the bucket did not change with bed arrangement.
Thus, the performance with the sloping bed was nearly identical to:the
performance with the level bed except that the operating range between
minimum and maximum tail water depth limits was greatly reduced because
of the lovwer elevation at which diving occurred.

Twelve-~inch Radius Bucket

The performance characteristics of the 12-inch bucket were
similar to those of the 6- and 9-inch buckets. Figure 16 shows the
performance for flows ranging from 5 to 8 second-feet with normal tail
water depth of 2,3 feet. Surface waves were greater than for the 6- and
9-~inch buckets; Figure 15 may be used to compare tue surface charscteristics
for the 9~ and 12-inch buckets. The maximum capaciliy of the bucket was
estimated to be from 6.5 to 7 secord-feet, or 3.25:to 3 5 second-feet
per foot of width.

Tail water depths for sweepout and diving with the bed level
approximately 0.05R, or 0,6 of an inch, below the apron lip are recorded
in Table V and plotted in Figure 11. Again, &5 with the smaller buckets,
it was difficult to get consistent data for the diving jet and to deter-
mine the exact margin of safety required for establishing the upper and
lower tail water depth limits. However, the safe mergins appeared to be
about the same as for the smaller buckets previously tested.
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The tests were repeated with the bed sloping upward at 16° to
about 6 inches above the lip; again, the results were comparable to those
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Table 1V

DATA AND CALCULATED VALUES FOR 9-IRCH RADIUS BUCKET

: Bed VA5 auroxlmtely 0, 058 belov apron 1ip at beginning of each run : Bed slopes up rrom ron lip
Run Na. : t : T b 5 7 8 9 i 10 : ;12 : : 3 T 17 ¢ J 20

Sveepout. Conduiona

g P o © 0531 0.6i2 0.682. 0.722 1 064+ 0.805 1 0.852 1 oean Q.53 i 0.578 1. 0.565 + ©0.633 + O.5b & 0. ;035
{0 (oveepout depth) : 1.02 ¢ 1. s w33 frad i o150 1517 160 5 167 5 170 : : : : . : X
q . . s 2 2,28 2.50 . . 3.30 3.52

Tein : 22 L3 Po1s3 161 '3‘1.65 P : 1.87 : 1.90

Yz—z.x.u-'rmn . 266 s k.o7a§ b-m? . .00 3-982§ 3.96&§
vy : 15, 2 16. 3 k 1 16, 16.20 & 16.20 18,167 16, 15.02 16.02

TR

"oa e

0.141 : o.;sh! .70 ¢ 0. 1 0,206 0.220 :

“ o

7.62 i T.21 ¢ 6.92 i 6.56 i 6.22 : 6.03

;1L :10.69 : . 63 9.07 8.64
EENPYP uazo . . u.xae; b.204 ;
) V1 : : : 0.18 : 0.18 : 0.18 0.18
Dy + 55 : : : : : H s : 3
. D.ving l’l.ou COnditions
T (dtving depth) 3.k0 3.03 D300 i 246 i 2.38 1 24k ;o2 : 2.32° 1 2.8 .:.2.37 §_268 2.37 P22 i 307 1.96 : 1.8 2.23
{290 253 : 251 4 1.96 1+ 1.88 & i.oh i Lok . 182 1.96 ¢ 1.87 ¢ 218 i 189 : LB 1 L.92 i 2.57 i L6 . 136+ 1.3
1.519§ 1.9&6: 2.02:.f 2.682°: 2.802 : 2. . . 3 2.985 .:"2.8923 2,014 3 . 2.354 : 2.715f 2.713: . : 2.970f 3.125§ 2797
9.89 P 11.20 : 1140 §13.1h P 1343 1340 . f13.87 13.65 f:.3.9:; : 12031 13 :13.22 in.zx Y 3.8 w8 :13.uz :
0.106 0.1 : 0.133 0.156 ;0w s o. 203 0.215 o.2k2 ¢ 0.252 . 0.126 : 0. 0.135 0.153 ;0.3 0.081 ; - 0,093 o112 ;
5.34 5. 549 ¢ 5.85 i 5.72 i 5.45 1 5.26 1 .5.25 4.89 4.89 D6 :o6b 6.38 5.95 Faas 8.59 8.19 7.08 :
: ; : : ; : : 13.89 12.55 . 18.00 : 14.60 15.47
P 2850+ 2.856 1 2.0 . 3.054 =W3.21B§ 2.909 :

H

o e

T - . . H H . . . e . -
AEiﬂ . 7 2.733:22.13 :18.82 : 12,56 ': 11.07 :10.39 : 9.5 .: 8.54.: B.20 : 7.40 : 17.28
D ’% ;1625 : 2.080 : 2.15h ;2.8 2 .969 1 2.077 :.3.20L : 3.134 < 3.256 : 2.480

R : : T : : : : : : :
b ‘V15 : O0L6 ¢ 0,36 : 0,35 : 0.26.: O. : : 0. : . : 0.2h : 0.23 : 0.30
1 28 : : 3 . : : : : S : : :

bucket radius (ft)

height of reservoir above the crest (ft)

depth of tail water above the bucket invert (fi)

minimum tail water depth for good performance (ft) = sweepout depth « 0.2 £t
maximum tail water depth for good performance (ft) = diviag depth - 0.5 f+
discharge per foot of model crest length (cfs)

height of crest above bucket invert = § feet

velocity of flow entering the bucket computed at tail water elevation (rc/sec)
depth of flow entering the bucket computed at teil vater elevation (ft)
Froude number of flow entering bucket computed at tail water elevation

TR T TR TR
B s a0 aaes e we ae

0.26 : 0.26 : :.0.25 1 0.23 : 0.2

Maximum capacity of bucket estimated to be 2.0 to 2.5 second-feet per foot of width.
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( Bed lavel 0.6-inch below apror: lip at start of test.)

12-INCH BUCKET — TAILWATER DEPTH =230 FEET
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Table V

DATA AND CALCULATED VALUES FOR 12-INCH RADIUS BUCKET

Bed was approximately O,05R below apron lip at beginning of each-run B slopes up from apron lip
3 H 1) : 5 : .G : i : 5 T Q B 10 : : 3 : 1L : 15 3 15

» .
H b

Sweepout. Conditions

. .
: : H

H : : : : : 0.765': 0.811: 0.850 : 0.887 : .0.961 : 1.02 : 1.22L : : ;0,723 1 0.839

i T (sveepout depth) : : : : D16+ 168 : 172 1 178 : 1.8 2.3

g : : P o275+ 3.05 ¢ 3.28 1 3k : L06 P 6.08 § 167 : 200 i 2.50 : 3.2
E:mén : : f‘ : 176 1.88‘: 192 1.98 2.09 2.43 ;
: '%s' X +H-Totn : ;e : : P L.005 : 3.931: 3.930 : 3.907 : 3;311 : 3.791 :
, ; : : 16.06 : 15.92 & 15.91 : 15.85 ;15.79 515.63

0.171 ¢ 0.192 : 0.206 : 0.223 : 0.257 : . 0.386
6.8 1 .1 : 6.18 : 5.93 :y5k9 Dbz
10,28 ;. 9.BL i 9.31 : B.87 :. 8.3 : : 6.25

5176+ 5.123 1 4,136t 4,133 ¢ 4,128 :° : 40180
0.2 : 0.26: 0.2 : 0.24 :

0.24 ¢ : 0.2b

@2 e e 4o a8 ae Su €8 A 8 &b 46 ws Ew 64 46 e S as Wk s ee 43 s 4n

: 1
: D} + Ty ‘
Diving Flow Conditions g

: T (diving depth)  : 3.95 : 4.00 2.91°: 2.87 : 3.22 ¢ 3000 1 3.25 : 3.00 :. 2.45

Yern

: Toax : 345 1 3,50 2,41
: V12 :

2.37 1 2.2 + 2.50 : 2,75 : 2.50 i 1.95
._}E..x"n-'l‘max : 1.093 i 1.092 :

2,440 :

2.517 : 2.241 : i eael i 1815 20131 i 2.773

112,56 : 12,72 : 12,01 : :12.23 *: 10.81 : 11.71 : 13.36

8.39. : 8.39
0.183 : o0.217 0.262 : 0.278 : 0.338: : 0.460 :. 0.15h i 0.171 : 0.187

B3 : M25 : 3.64 © 3.6 : 486 i L.9B i 5.5

3.k2 3.17

@r 40 4e ae sane ea ee se e an e we b ae

:18.35 & 16.12 9.19° : .-B.52 : 8.04 : $05.54 1 17.85 : 4.6l : 10.42

1,281 : 1.309 2.702.: 2.795 : 2.579 Y3.181 ¢ 1.969 : 2.302 : 2.960

S0 B 08 4% 68 8% ee 4 86 a0 Bewa 88 a0 80 60 e ae 0 ae

83 wb an 8s sn En 43 4b ue as b ae

IR TR T TR TR TR T RO

PEETIRTIR TN

0.78 : 0.72 0.37 " 0.36 : 0.39 :0.31 ¢ 0,51 : 0.53 : 0,34

:

bucket radius (ft)

height of reservoir above the crest (ft)

depth of tail water above the bucket invert (ft)

pinimum tail vater depth for good:performance (ft) = sweepout depth + 0.2 ft
pmaximur tail wvater depth for good performance (ft) = diving depth - 0.5 ft
discharge per foot of model crest length (cf's)

height of crest above bucket invert = 5 feet

veloeity of flow entering the bucket computed at tail water elevation (ft/sec)
depth of flow entering the bucket computed at tail water elevation (ft)
Froude number of flow entering bucket computed at tail water elevation

Maximum capacity of bucket estimated to be 3.25 to 3.50 second-feet per foot of width.




for the 9-inch bucket. The safe meximum limit appeared to be about

the same as the upper limit for the 9-inch bucket with the bed molded level
below lip elevation. These data are also given in Table V and plotted in
Figure 11. The maximum capacity of the 12-inch bucket was considered to
be the same with the upward sloping bed as with the level. bed. ‘

Elghteen-lnch Radius Bucket

| The 5-foot-high model spillway with the 18-inch bucket repre-
sented & relatively le structure such as a diversion dam spillway.

The performance of the 18-inch bucket is shown in Figure 17 for
discharges ranging from 6 to 1l second-feet with normal tail water
depths. The capacity of the bucket was estimated to be 5 to 5.5
second-feet per foot of width. ,

With the movable bed molded level, approximately 0.05R or 0.9
of an inch below the apron lip, tests for sweepout were made and the
data obtained are recorded in Table VI and plotted in Figure 22, Depths
for sweepout and diving were even more difficult to determine precisely
than for the smaller buckets., In.fact, the sustained diving condition’
could not be reached by raising the tail ‘water as high as possible in
the model for any discharge. However, the tendency to dive was present
and momentary diving occurred, but in no case was it sustailned.

The minimum tail water depth at which the bucket operated
satisfactorily was found to be 0.1 foot above the sweepcut depth, however,
0.2 foot was used, as fo; the other buckets, to provide a factor of safety.

The maximum tall water limit or the max1mum bucket capac1ty
were not determined using the sloping bed because of difficulties in
maintaining the bed shape while starting a test run. Performance with
the sloping bed was, therefore, assumed to be consistent with the test
results on the 9- and 12-inch radius buckets.

Larger and Smaller Buckets

Larger buckets were not tested with this 5-foot spillwey
because of the increasing difficulties in measuring bucket capacity and
tail water depth limits for near capacity flows and because a larger
bucket operating at near meximum teil water depth limit would either
submerge the crest or, closely, approach that condition. ' It was not
intended at this time to investigate a bucket with a submerged crest.

Smaller buckets were not tested because very few, if any,
prototype structures would use a bucket radius smaller than one-tenth

- . . .
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FIGURE 17
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A. q=3cfs., Tuilwater depth = 230 feet. |

C. q=4cfs., Tailwater depth = 2.30 feet. -
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D. q =5.5 cf.s., Tailwater depth = 2.45 feet
( Bed level 09-inch below apron lip at start of test.)

I8-INCH BUCKET PERFORMANGCE
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Table VI

AND CALCULATED VALUES FOR 1B8-INCH RADIUS BUCKET

: Bed was approximately O.05R belcw apron lip at beginning of each run
1 : 2 s -3 R : 5 S T 8

Sweepoﬁt Conditions

CH : 531 0.73k : 0.80b : 0.898 : 0.926 : : 1.083 : 1.150

T (sweepout dep’th) : 1.78 ,
i q ; ; 2.56 : 2.99 ; 3.61 : 3.80 i 4,98 : 5.48
; Tnin 2 ; 1.85 : 1.98' ; 2.07 '; 2.15 ; f‘ 2.32 i 2.45
2 X%; =X +H - Tmin ‘2 ; 3;88u‘; 3.82u ; 3.828 : 3.776 ; :' 3.763 ; 3.700

: :  15.85 . 15.70 15.70 ; 15.27 ; D 15.67 & 1548
; 0.161 : ‘0.190 i 0.230‘2 0.24g ; . 0.318 i. 0.355

6.94% - 6.33 i 6.76‘ ; 5.39 ; ; L.88 ; L.5g

13.22 11.45 : 10.39 9.00 8.64 7.30 6.70
© L.106 : L.okS . L.olk: L.0SB : L.025 +. . 4.0B1: .08

.
.

0.37 : 10,37+ 0.37 ¢ 0.37  -‘ '+ 0.37 . 0.37

Diving Flow Conditions
: T (diving depth) : : : :
: Tmax
M V12 H
: Sg =K +H- Tmax

NO DATA TAKEN

bucket radius (ft)

height of reservoir above the crest (ft)

depth of tail water above the bucket invert (ft)

minimua tall water depth for good performance (ft) sweepout depth + 0.2 ft
maximum tail water depth for good performance (ft) diving depth - 0.5 ft
discharge per foot of model crest length {(cfs) <

height of crest above bucket invert = 5 feet

velocity of flow entering the bucket computed at tail water elevation (ft/sec)
depth of flow entering the bucket computed at tail water elevation (ft) -
Froude number of flow entering bucket computed at tail water elevation

[ IO I S B O O}

Meximum capacity of bucket estimated to be 5.0 to 5.5 second-feet per foot of width.
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the height of the spillway. Small radii bends are usually avoided on
high structures where velocities are also high. Therefore, the available
date were analyzed, and with some extrapolation, found tt-be sufficient.

Data Anelysis

Safety factor. At the conclusion of the testing the data for
the four buckets were surveyed and the margin of safety between sweepout
depth and minimum tail water depth, and between maximum tail water depth
and the depth required for diving were definitely esteblished. An ample
margin of safety for the lower limit was 0.2 foot and for the upper limit
0.5 foot. These values were sufficient for both the level and sloping
movable beds previously described. The selected margins of safety are
included in items Tpip, and Tpey of Tables III, IV, V, and VI.

Evaluation of variables. To generalize the data in such a way
that it can readily be used to determine the minimum allowable bucket
radius "R," the safe minimum tail water depth "Tpin " and the safe maxi-
mum tail water depth “Tpax" for any prototype overflow spillwey whose
crest is not submerged by the tail water, it is necessary to consider the
variables, shown in Figure 18, that affect the unknown requirements, The
maximum capacity of a given ranlus bucket is increased slightly when the
tall water depth is at an intermediate value between the minimum or
maximum teil water depths, but since buckets are usually expected to
operate over a range of tail water depths the bucket capacity is not a
function of tail water depth.

The elevation of the movable bed with respect to the apron lip
and the slope of the spillway face do not, within ordinary limits, affect
the sweepout depth or the size of bucket.  Frictional resistance on the
spillway face:affects the minimum depth limit, the maximum depth limit,
and the minimum sllowable bucket radius since head losses caused by skin ‘%
friction reduce the effective height of fall. However, frictional
resistance is, primarily, a function of head or discharge and the height
of spillway above tail water elevation; therefore, friction effects need
not be considered as a separate variable. The effect of friction losses
is discussed further in a followlng portion of this report.

Data obtained during the tests includes the sweepout and d1v1ng
depths for a given height of model splllway above tail water elevation
"h." The given slope of spillway is "S." Figure 1l shows that the
sweepout depth is a function of the radius of bucket "R" and the head on

the crest "H.” "H" muy also be expressed in terms of discharge “q" per
__#t

foot of spillway width; however, "q" and "HE" are related by the discharge
coefficient "e" in the discharge equation
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Q=c

Therefore,
Tpin = £(h, S, R, I and q)

Figure 11 also shows the teil water depth at which diving flow
occurred to depend upon the elevation of the channel bed with respect to
the apron lip, the bucket radius, and the head on the crest. Therefore

Tmax * £(h, S, R, H, q and elevation of channel bed in
relation to elevation of bucket
apron lip)

spillway above tail water elevation, with given slope of spillway, is &
function only of the head on the crest, Figure 11, Therefore, the
minimum allowable bucket radius Rpjp may be expressed‘ B

Rpin = f(h, S, H and q)

The velocity entering the bucket "V1" and depth "Dl" are
functions of head, discharge, height of spillway above tail water
elevation, and spillway slope.

vy and D} = £(h, 5, H and q)

The Froude number, & dlmensionless parameter, is a function of‘veloclty
and depth of flow and may: ue expressed

Fe b
“aby

Substituting F for h, S, H and q

Tnin = £(R, F)

Tpax = T(R, F, and elevation of channel bed with respect to
apron lip)

Rmin = £(F)

Numerical values for the Froude number were computed from the
available test data in the tables for points at the intersection of the
spillway face and the tail water surface, At these points all necessary

The minimum allowable bucket radius for & given height of model

s



information for computing velocity and depth of flow can be determined
from the available test data.which includes reservoir elevation,
discharge, and tail water elevation. Since the Froude number expresses a
ratio of velocity to depth and is dimensionless, a numerical value
represents a prototype a8 well as 8 model flow condition.

To express Tpin, Tmax, 2nd R as dimensionless numbers so that
they may also represent prototype flow conditions, Tpin and Tpax were
divided by D;; R was divided by Dy + V3 /2g, the depth of flow plus the
velocity head at tail water elevation on the spillway face. These
dimensionless ratios and the Froude number, computed from test data, are
shown in Tables III, IV, V, and VI. In computing the tabular values,
frictional resistance in the S-foot model was considered to be negligible.
In Figure 19 the dimensionless ratio for the bucket radius is plotted
against the Froude number, using only the test points bracketing the
estimgted maximum bucket capacity. Values were computed for both the
sweepout and diving tail water elevations since the Froude number and

R ‘

Dy + 2E V1~ both vary with tail water elevation, For example, the maximum
28 ‘

capacity of the 6-inch bucket is q = 1.5 to 1.75 in columns 7 and 8 of
 Tabie III; data from lines & and il and lines 17 and 20 were plotted in
Pigure 19, The two pointe thus obtained for each discharge were connected
by a dashed line to indicate the trend for constant discherge. Eight -
dashed lines were thereby obtained for the four buckets. A single
envelope curve was then drawn, shown as the solid line to the right of the

preliminery lines, to represent the minimum radius bucket. The solid line

therefore includes a factor of safety. If a larger factor of safety is
desired, the solid curve may be moved to the right as far as is
considered necessary.

Since both the upper and loweﬁrdepth limlts are furctlons of
the buciet radius and the Froude numbery, %%2 and 5I_ for each test point
ip Tables III through VI were plotted versus the Froude number in FPigure

. R

V1%,
D; * 5
Since the upper tzil weter depth limit varied with shape and elevation of
the movable bed, two sets of upper tail water der*h dimensionless ratios
were plLotted, one for each of the two bed elevations tested. The curves
drawn through these points in Figure 20 may be used to determine minimum
end maximum tail water depth limites for any given Froude number and
bucket radius.

20, and each curve was labeled with the computed values of

. . . s . .
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o 6 0.1l For any position of the bed Min. tailwoter depth limit
o 9 0.16 For any position of the bed Min, tailwater depth limit
a 12 0.24 For any position of the bed Min. tailwater deptn limit
0 I8 0.37 For any position of theded Min. tailwater depth limit :
Q 6 o.6t0 0.22| For bed level approx. 0.05R below apron lip Mox. tailwater depth limit N
. ] 0.23to 0.46{ For bed level approx. 0.05R below apreon lip Mox. tailwater depth (imit ’
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X 12 0.43t00.51| For bed sioping up from apron lip Mox. tailwater depth limit
DIMENSIONLESS PLOT OF MAXIMUM AND MINIMUM TAILWATER DEPTH LIMITS
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Note that the upper four curves in Figure 20 are for the minimum
tail water condition and apply to any bed arrangement. The ten lower
curves extending far to the right apply to the maximum tail water limita-
tion and have two sets of labels, one for' the sloping bed and one for the

R

level bed. Two cﬁrves are shown for each value of Dy + vVl ; the upper
55— T

or solid line curve has an extra factor of safety included while the
lower or dashed line curve is accordlng to the data in Tables Il through
iv. :

Although the curves of Figufe 20 mey be used as shown, a simpler
and easier to use version of the same datd is given in Figures 21 and 22,

‘ i
Figure 21 contains a family of curves to determine g n‘values in terms
—R
of the Froude number and ; Vy2

+ o
T, 2g

determine g:x and includes the extra factor of safety discussed for

Figure 22. The two abscissa:scales in Flgure 22 differentiate between the

standard sloping bed and the standard level bed used in the tests. '

Figures 21 and 22 were obtained by cross-plotting the curves of Figure 20,

. Figure 22 contains similar curves o

The tail water sweepout depth "T" in Tables III through VI was
‘ T
also expressed as a diuensionless ratio BI and plotted versus the Froude

number in Figure 23, and a curve for each bucket size was drawn. These
curves were then cross-plotted in Figure 2L to provide & simple means
for determining the sweepout depth for any installation. The difference
between sweepout depth and the depth actually encountered indicates the
margin of safety.

Practical Applications

To illustrate the use of the methods and charts given in this
report, a step by step procedure for de51gn1ng a slotted bucket is
presented. The data for Grand Coulee Dam spillway will be used as an
example. The calculations are summarized in Table VII.

For maximum reservoir elevation 1290 at Grand Coulee Dam the
spillway discharge is 935,000 second-feet. Since the spillway crest is
at elevation 1260 the head is 30 feet. The length of the crest is 1,485
feet, making the discharge per foot of bucket width 630 second-feet. The
tail water in the river is expected to be at elevation 1009 for the
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FIGURE 23
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Note: Bed arrangement not critical for sweepout condition
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Note: For values of "F"greater than 10 use Figure 23
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Table VII

EXAMPLES OF BUCKET DESIGN PROCEDURES

: ) LR : : Misgouri
: Angostura : Angostura : Angostura : Angosture : Trenton : Diversion
: Dam : Dam ’ Dam : Dam : : Dam : Dam

:Q . 247,000 : 180,000 : 100,000 : 40,000 : : 133,000 : 90,000

: Reservoir elevation : 7 3168.1 3161.0 3181.5 3170.4 2785 : 2043.4

S EE . e

. Crest elevation : 3157.2 3157.2 N57.2 ¢ 3572 2743 ;2032
g P kg : 3.8 ¢ 243 i 132 :ok2 o 17.%

- S A R L6 i s

q . 9o L sst . 385 s ; : o

: Tail water elevation ; 3114 ; 3106 - : . 3095 1. 3084 : : 2018.3

V)2 : : : , : : : i
. -%g (theoretical) = (2) - (7): 84,1 85.0  : 85,5 : X ; . : 25.1

: V1 (theoretical) D136 2 Th ;5 : : : k0.2

;H% 0.98 - 0.98 } 0.97 : 0.98
: V1 (actual) i 122 2.5+ 12,8 1 ; - . 39.L
v_g (actual) 80.9 81.6 82.3 ‘ 2.1
: Dy : _ © 128 ¢ 9.06 : 5.0L i : : ;o 3.55
-m‘l 3.53. 3.00° 224 ; 1.88
ih& _ 3.61 L.26 5.73 ; :

Dy + %Z' 93.38 90.66 : 87.31

;8 12 (atota) 0.50 9.%3 : 0.3¢

;D1+--2—3-

;R {(winimum) : et i 39
; R (actuslly used) ; ‘ : Lo

: R (recommended)

{actual)

e as er b e

B
: Vi
. Dl + —-2—5
f Tuin
P pp
: Tain
* Tpax

Dy

: Tmax
Tg
B
Te

N3 I G W e W EE S S =

PRPYS

n
—

be 24 as 6e ss as b0 as 4 ss 6% 04 es es

total discharge (cfs)

bucket width {ft) %

discharge per foot of bucket width (cfs)

height of reservoir above crest {ft)

velocity of flow entering the bucket computed at tail water elevation (ft/sec)
depth of flow entering the bucket computed at tail weter elevation (ft)
Froud. 'number of flow entering bucket computed et tall water elevation
bucket radius {ft)

minimum teil water depth limit (ft)

maximum tail water depth limit (ft)

tail water sweepout depth (ft)
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maximum flow. The velocity head of the flow entering the basin at tail
water elevation on the spillway face is the difference between tail
water elevation and reservoir elevation or 281 feet. Then, theoreti-
cally, the velocity, "Vj," entering the tail water is 130.5 feet per
second; V) = ']/EgZh + H&.

The actual velocity and velocity head are less than theoretical
at this point, however, due to frictional resistence on the spillway
face. Using Figure 25, the actual velocity is found to be 91 percent of
theoretical, Figure 25 was prepared to reduée the computation work on
the preliminary design of overfall spillways and is believed to be
reasonably accurate. However, only a limited amount of prototype data
was available to develop the chart so that the data obtained from the
chart should be used with caution.  Entering Figure 25 with the height
of fall of 281 feet as the ordinate, and intersecting the curve for 30
feet of head on the crest, the abscissa is found to be 0.91. Therefore,
the actual velocity in this example is 91 percent of 130.5 or 118.8
feet per second and the correspon@ing’velocity‘head is 219.2 feet. The

corresponding depth of flow D) on the‘spillway face is V% or 5.3 feet.

: v
Having determined Dj and V3, the Froude number, F = L , 1s computed to
be 9.11, | + &

Entering Figure 19 with Froude number 9.1ll, the dimensionless
ratio of the minimum usable bucket radius is found to be 0.13 from the
solid line envelope curve. The minimum allowable bucket radius is then
computed to be 29 feet. In round numbers a 30-foot bucket radius would
probably be used. For the 30-foot radius the bucket radius dimensionless
ratio would remain 0.13. Entering Figure 21 with the bucket radius

T
dimensionless ratio and the Froude number, —%%5

minimum tail water depth limit is then T3 feet, measured from the bucket
invert to the tail water surface elevation. Entering Figure 22 with the

for

dimensionless ratio of the bucket radius and the Iroude number, gix
bed elevation belqw*the apron lip is found to be 18.8. The.maximum tail
water depth limit"is then 100 feet. '

The riverbed at Grand Coulee Dam is at elevation 900, approxi-
mately. Ifithe bucket invert is placed at riverbed elevation the tail
water depth would be 109 feet which exceeds the upper limit of 100 feet.
Therefore, the bucket should be set above the riverbed 3o that the tail
water depth from the bucket invert will be between 73 and 100 feet.

?The bucket would then perform as shown in Figures 12A or B.
Performante similar to Figure 12A wou.d oe preferred but the performance

is found to be 13.8. The

\-/\
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shown in Figure 12B would be acceptable. Performance similar to that in
Figure 12A will occur if the bucket invert is placed so that the tail
water depth is close to the lower limit., A tail water. & epth of between
75 and 80 feet would probably be most satisfactory.

To determine the sweepout depth enter Figure 24 with the
Froude number and the bucket radius dimensionless ratio; the sweepout
depth dimensionless ratio is 11.8. The eweepout depth then is approxi-
mately 63 feet. Thus, the minimum tail water depth limit of 73 feet
" provides approximately 10 feet of margin against flow sweeping out of
the bucket at the maximum discharge. Therefore, the bucket invert
should be set to provide about 75 feet of tail water depth

‘ Ancther solution for the.Grand Coulee example presented here
would be to use a larger radius bucket if for some reason the bucket
could not be elevated. A larger usable range of tail water will also be
obtained. For example, instead of using the minimum 30-foot radius
bucket, try a 50-foot radius bucket, The bucket radius dimensionless
ratio then would have a value of 0,23, and from Figure 21 the minimum
tail water depth limit dimensionless ratio is 15, and from Figure 22 the
maximum tail water depth limit dimensionless ratio is 33." The lower tail
wvater depth limit 1s tlierefore 80 feet and the upper limit 175 feet.

If the invert of the bucket 1is placed at riverbed elevation 900,

the tail water depth would be 109 feet which is well within the two
limits. However, if the bucket invert was placed below riverbed and the .
bed was sloped upward from the apron, the dimensionless ratio of the 1
maximum tail water depth limit would be approximately 19 as found in
Figure 22. The upper depth limit therefore would be only 100 feet. The
tail water depth would be greater than 109, therefore, riverbed scouring
would probably occur as & result of diving flow.

Before edopting either of the buckets discussed, intermediate
discharges should also be investigated, taking into account the fact
that tbe bucket might be required to operate at maximum discharge with
tail water corresponding to the discharge Jjust before it was increased
to maximum, and perhaps without the additional tail water depth created
by powerplant discharge. After the bucket radius has been determined,
the bucket design may be completed from the data in Figure 1.

The investigation of partial discharges is shown in Table VII
for the Angostura Dam spillway where the bucket actually determined from
model tests is shown, using the methods and curves in this report, to be
undersized for the maximum discharge, correct for three-fourthe maximum,
and oversized for emaller discharges.




The fact that the methods of this report show the need for a
larger bucket than was built for Angostura indicates that a factor of
safety 1s included in the charts in this report. This is a desirable
feature when hydraulic model studies are not contemplated. On the other
hand, hydraulic model studies make it possible to explore regions of
uncertainty in any particular case and help to provide the minimum
bucket size consistent with acceptable performance.

Other examples in Table VII include an analysis using the data
for Trenton Dam spillway. This spillway utilizes a long flat chute
upstream from the energy dissipator,  Friction losses are considerably
higher than would occur on the steep spillways for which Figure 24 was
drawn and other means must be used to obtain Vi and D] -for the bucket
design. In the example in Table VII, actual velocity measurements taken
from a model were used, If frictional resistance is neglected in the
velocity computations, the minimum tail water limit would be higher,
providing a greater factor of safety against sweepout, but the maximum
tail water limit would also be higher which reduces the factor of safety
agalnst flow diving.

Tail water requirements for bucket versus hydraulic jump. In
general, a dbucket-type dissipator requires a greater depth of tail water
than a stilling basin utilizing the hydraulic ‘Jump, This 1is illustrated
in Table VIII where pertinent data from Table VII is sumarized to compare
the minimum tail water depth necessary for a minimum radius bucket with
the computed conjugate tail water depth for a hydraulic jump. Line 6
shows Tmin for the buckets worked out in the section "Practical Applica-
tions." Line 7 shows the conjugate tail water depth reguired for a
hydraulic jump for the same Froude number and Dj determined from the

D
equation ﬁ§-= 1/2 ({1 + 8F2 - 1).

Table VIII

COMPARISON OF TAIL WATER DEPTHS REQUIRED FOR BUCKET AND HYDRAULIC JUMP

Dam
Dam

Angostura
Dam
Angostura
Angostura
Grand Coulee
Dam
Grand Coulee
Trenton Dam
Missouri
Diversion Dam
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. :Bucket radius

The values in Line 6 are for the minimum allowable bucket
radius. If a larger than minimum bucket radius is used, the required
minimum tail water depth becomes greater, as. shown in L1ne 8 for the two
Grand Coulee bucket -radii.

Summary of Bucket Design Procedures

The Angostura-type slotted bucket, Figure 1B, is well adapted
for general use as an energy dissipator at the base of an overfall spill-
way. It is considered to be superior to the solid bucket in all respects.

‘Wherever practical the higher teeth recommended in design Modification II,

Figure 8, should be used. Also, wherever possible the elevation of the
bucket 1nvert should be placed above the channel bed so that the tail
waver depth above the bucket is close to the lower tail water limit, as
in Figure 12A, for besi performance.

Buckets are particularly suited to installations where an excess
of tail water exists which would drown the hydraulic jump, or where deep
excavation presents no. problem, ‘

“The curves of Figures 19 through 24 should be used to obtain
the essential dimensions for the Angostura-type slotted bucket. From
the curves the minimum bucket radius, the required tail water depth, and
the maximum permissible tail water depth can be determined, as illustrated
in "Practical Applications" and summarized in Table VII. In addition, the




tail water sweepout depth, which is an indication of the factor of safety
of the bucket and its vertisal placement, can be used *tn ~heck the place-
ment specifications, Figure 1 should be used to obtain the bucket
dimensions after the radius has been established. Caution should be used
in designing buckets for large structures such as 200-foot high spllliways
with discharges of 500 or more second-feet per foot of width, and low
structures where tail water may submerge the spillway crest, without model
verification. Model testing is desirable in all cases, however.

The design curves presented may also be used for determining
the radius and tail water depth requirements for a solid bucket 1f for
some reason it was desirable to use One,
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